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Turning on the red phosphorescence of a
[Ru(tpy)(bpy)(Cl)]Cl complex by amide
substitution: self-aggregation, toxicity, and
cellular localization of an emissive
ruthenium-based amphiphile†
B. Siewert, ab M. Langerman,a Y. Hontani,c J. T. M. Kennis,c V. H. S. van Rixel,a
B. Limburg,a M. A. Siegler,d V. Talens Saez,a R. E. Kieltyka a and S. Bonnet *a
Coupling the notoriously non-emissive complex [Ru(tpy)(bpy)Cl]Cl
(tpy = 2,20:60,200-terpyridine, bpy = 2,20-bipyridine) to a C12 alkyl
chain via an amide linker on the 40 position of the terpyridine
yielded a new amphiphilic ruthenium complex showing red emis-
sion and chloride-dependent aggregation properties. This emissive
complex is highly cytotoxic in A549 non-small lung cancer cells
where it can be followed by confocal microscopy. Uptake occurs
within minutes, first by insertion into the cellular membrane, and
then by migration to the peri-nuclear region.
Over 80 years ago Francis Burstall reported a reaction between RuCl3
and 2,20 bipyridine at 250 1C yielding the red salt [Ru(bpy)3]Cl2
([1]Cl2).
1 The stability of this complex, coupled to its unique electro-
chemical and photophysical properties, has led to the development
of a wide class of octahedral ruthenium polypyridyl complexes2
and countless reports on their catalytic,2c,3 photosensitizing,4 or
biological applications.5 Depending on the energy level of their
triplet excited states, these complexes may be phosphorescent or
not. Generally, complexes with three 2,20-bipyridine (bpy) ligands,
e.g. [Ru(bpy)3]Cl2 ([1]Cl2), show a strong emission,
2a while com-
plexes containing tridendate 2,20;60,200-terpyridine ligands (tpy),
e.g. [Ru(tpy)2]Cl2 ([2]Cl2), show no emission at room temperature.
Negligible phosphorescence was observed for complexes contain-
ing both a tpy and a bpy ligand, e.g. [Ru(tpy)(bpy)Cl]Cl ([3]Cl).2a,c,6
Emission in [1]2+ is due to the high energy gap between the triplet
metal-centred (3MC) and triplet metal-to-ligand charge transfer
(3MLCT) excited states (+42.7 kJ mol1).7 In tpy-containing
complexes [2]2+ and [3]+ this 3MC-3MLCT energy gap decreases
to 16.7 kJ mol1 8 and 6.6 kJ mol1, respectively,9 which
promotes non-radiative decay via the 3MC states (Fig. 1).
Thermal promotion of the 3MC state from the photochemically
generated 3MLCT state may also lead to ligand photosubstitu-
tion, in particular for [Ru(tpy)(bpy)(L)]2+ complexes (L is a
monodentate ligand),5e,10 which generates in water the aqua
complex [Ru(tpy)(bpy)(OH2)]
2+ ([6]2+).
When generated in a cell, aqua complexes such as [6]2+ may
react with biological nucleophiles such as amino acids, peptides
(e.g. glutathione), protein residues, or DNA base pairs,11 which –
as studied for cisplatin – may lead to cell death. Thus, light-
sensitive complexes of the [Ru(tpy)(bpy)(L)]2+ type represent an
interesting class of pro-drugs: triggering the formation of the active
species [6]2+ by an external, human-controlled process (i.e. light
irradiation), allows for selective drug activation in illuminated
tumour tissue, a concept known as photo-activated anticancer
Fig. 1 Top: Chemical structures of [Ru(bpy)3]Cl2 ([1]Cl2), [Ru(tpy)2]Cl2 ([2]Cl2),
and [Ru(tpy)(bpy)Cl]Cl ([3]Cl). Bottom: Simplified Jablonski diagram of RuII
polypyridine complexes. The DE(3MC–3MLCT) decreases from [1]2+4 [2]2+E
[Ru(tpy)(bpy)L]2+, favouring non-radiative decay for terpyridine-containing
complexes via thermally driven population of the 3MC state from the photo-
chemically generated 3MLCT state. (GS = ground state, MLCT = metal-to-
ligand charge transfer, isc = intersystem crossing, MC = metal-centred.)
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chemotherapy (PACT).12,13 However, as discussed by Alessio,14 low
cellular uptake is an obstacle for charged ruthenium complexes. If
the pro-drug does not reach the nucleus, how could lethal metal–
DNA adducts be formed? We recently reported that increasing
the lipophilicity of a [Ru(tpy)(bpy)(L)]2+ complex by using a
cholesterol–thioether ligand L led to a significant increase in cellular
uptake, self-aggregating properties, and dark cytotoxicity.12a How-
ever, a long pre-irradiation incubation time of 24 h was necessary to
observe any phototoxicity, and prodrug localization was impossible
to probe in vitro because of the non-luminescent character of the
ruthenium compound. Here, inspired by Heinze et al.15 we
increased the lipophilicity of [3]Cl by conjugating a C12 alkyl tail
in 40 position of the tpy ligand via an amide linker, and studied
whether such mildly electron-withdrawing groups would lead to
increased phosphorescence. This communication reports on the
synthesis of the amphiphilic complex [Ru(Rtpy)(bpy)Cl]Cl ([4]Cl,
Fig. 2, Rtpy = N-dodecyl-[2,20:60,200-terpyridine]-40-carboxamide),
its aggregation properties in aqueous solution, and its signifi-
cantly improved phosphorescence, which allows for following
uptake and localization in vitro.
Complex [4]Cl was synthesized in three steps by amide coupling
of dodecylamine and 40-carboxy-2,20;60,200-terpyridine, followed by
coordination to ruthenium trichloride and 2,20-bipyridine coordi-
nation in reductive conditions (Fig. S1, ESI†). 1H NMR experiments
disclosed the typical downfield shift of the bpy proton A6, as well as
the upfield shift of the B6 proton due to the shielding cone of the
tpy ligand. Furthermore, the 30 proton on the amide-functionalized
tpy appeared downfield-shifted (9.21 ppm in d6-DMSO, Fig. S3,
ESI†) compared to the non-substituted complex [3]+ (8.81 ppm,
d6-DMSO). The doubled triplet at 3.46 ppm (
3J = 6.7 Hz, 3J =
6.5 Hz) was assigned to the alphamethylene group of the aliphatic
chain due to its coupling with the amide proton. A crystal
structure of [4]ClH2OC3H6O was obtained revealing, next to the
typical octahedral environment of the ruthenium complexes, a
trans-conformation for the amide bond (Fig. 2 and Fig. S4, ESI†),
and hydrogen bonding between the chloride counter anion, the
water solvate molecule, and the amide group. Finally elemental
analysis confirmed the chemical purity of the bulk compound.
In spite of its long alkyl tail [4]Cl was found soluble in
aqueous solutions. In water, its UV-vis spectrum (Fig. 3) showed
a broad 1MLCT transition (dp- p*, see HOMO and LUMO in
Fig. S20, ESI†) with an absorbance maximum bathochromically
shifted (502 nm) compared to [3]Cl (484 nm).16
Remarkably, [4]Cl was also emissive (Fig. 3). In MilliQ water
and under air its emission spectrum showed a maximum at
791 nm with an emission quantum yield in air of fphos = 0.0004.
This quantum yield is two orders of magnitude lower as com-
pared to the reference compound [1]Cl2 (lmax,em = 629 nm,
fphos,ref = 0.04),
17 but it is still much higher than for [3]Cl, for
which quantum yield measurements were impossible.2a The
emission intensity increased proportionally to the concentration
until 60 mM, indicating no self-quenching in this concentration
range (Fig. S7, ESI†).18 Furthermore, the emission spectra in
acetonitrile, methanol, or pentane, proved that the emission of
[4]Cl in water was not caused by aggregation. The observation of
red-shifted emission for [4]Cl compared to [3]Cl indicates
that the 3MLCT band lies at significantly lower energy than the
3MC band, which also explains the increased phosphorescence
quantum yield: the 3MC–3MLCT gap is higher in [4]+ than in [3]+,
leading to less phosphorescence quenching. Transient absorption
spectroscopy (TAS) and time-correlated single photon counting
(TCSPC) experiments were done in PBS under air at 7.5 mM and
75 mM, respectively, to investigate the excited state lifetimes of [4]Cl.
In PBS, the high chloride concentration prevented formation of the
aqua complex [Ru(Rtpy)(bpy)(OH2)]
2+ ([7]2+, see Fig. S9, ESI†) that,
when formed in pure water, was also emissive (Fig. S8, ESI†).
Global analysis of the TCSPC data (see Fig. S11 and Table S4, ESI†)
indicated that the decay of emission of [4]Cl in PBS can be best
described by three lifetimes, i.e. t3 = 0.44 ns (44%), t4a = 9 ns (14%),
and t4b = 40 ns (42%). TAS (see Fig. S10, ESI†), which investigated
photon absorption, revealed next to two emission-relevant lifetimes
(i.e. t3 = 110 ps, t4 = 17 ns) three lifetimes of non-emissive
components (i.e. t1 o 50 fs, t2 B 3 ps, and t5 = 200 ns). The
ultrafast lifetime (i.e. t1 o 50 fs) might correspond to the
intersystem crossing 1MLCT - 3MLCT, which is known to lie
Fig. 2 Top: Chemical formula of complex [4]Cl, and proton numbering
scheme for 1H NMR attribution. Bottom: Displacement ellipsoid plot
(50% probability level) of cationic [4]+ as observed in the crystal structure
of [4]ClH2OC3H6O at 110(2) K. The counter-anion and lattice solvent
molecules have been omitted for clarity. Characteristic bond lengths [Å]:
Ru1–N1 = 2.077(3), Ru1–N2 = 2.049(3), Ru1–N3 = 2.066(3), Ru1–N4 =
1.954(3), Ru1–N5 = 2.076(3), Ru1–Cl = 2.3956(8).
Fig. 3 Absorption and emission spectra of [4]+ in MilliQ water and under
air. Excitation wavelength was 455 nm (power 50 mW).
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in the fs range for ruthenium polypyridyl complexes.19 The second
lifetime (t2B 3 ps) was assigned to the vibrational cooling of the
3MLCT(tpy) state, accordingly to reported values.10c The longest
component (t5 = 200 ns) can be assigned to the non-radiative decay
from the excited 3MC states to the GS. The shorter of the two
emissive components, i.e. t3 = 110 ps, showed a slight blue shift
and can be correlated to the 0.44 ns component found in TCSPC.
Most likely, this lifetime belongs to interconversion (IC) between
the 3MC and 3MLCT excited states. The main decay found in TAS,
i.e. t4 = 17 ns, equals the radiative decay from the
3MLCT excited
state to the ground state, and wasmore resolved in TCSPC, where it
split into a major (i.e. t4b = 40 ns (42%)) and a minor (i.e. t4a = 9 ns
(14%)) component, reflecting the several possible emissive 3MLCT
states of ruthenium polypyridyl complexes.20 A schematic overview
of the excited state interconversion for compound [4]Cl in PBS is
given in Fig. S12, ESI.†
In order to investigate the non-radiative decay originating
from the 3MC excited states, green light irradiation (490 nm) in
water was followed by UV-vis spectroscopy (Fig. S13, ESI†). The
kinetics of chloride substitution in [4]+ by water, to form the aqua
species [Ru(Rtpy)(bpy)(OH2)]
2+ ([7]2+), was compared with dark
conditions. In the dark, thermal hydrolysis was slow, characterized
by a hydrolysis rate constant of kdarkhyrdo = 7  105 s1. Under green
light irradiation the rate constant was enhanced by a factor 24 to
k490nmhyrdo = 2  103 s1, corresponding to a photosubstitution
quantum yield of 0.0176 (see ESI† part 2.4, Fig. S14). The accelera-
tion of hydrolysis under light irradiation confirmed the TAS results,
and indicated that for [4]+ the 3MC excited states are thermally
accessible, at room temperature, from the photogenerated 3MLCT
states.
Further, it was anticipated that the attachment of a long
alkyl tail to the 40-position on the tpy ligand of [4]+ may lead to
self-assembly.31 The morphology of a self-assembled structure
can be predicted by calculating the packing parameter P of the
surfactant defined as n/(la), where n is the volume (in Å3) and
l the length (in Å) of the aliphatic chain, while a represents the
area of the head group (in Å2).21 Employing this equation with
values calculated as described in Section 3 of the ESI,† the
packing parameter P was 0.2. Therewith the assembly of [4]+ as
spherical micelles is predicted,22 which was studied by DLS and
microscopy. Self-assembly of [4]Cl in aqueous solutions was
found to highly depend on chloride concentration. Dynamic
light scattering (DLS) measurements of [4]Cl in PBS (200 mM)
displayed a highly disperse collection of aggregate sizes ranging
from a few nanometers to microns in hydrodynamic diameter
(dH, see Fig. S16, ESI†). These observations were corroborated
by confocal microscopy at a lower concentration (5 mM), which
showed the formation of micron-sized, phosphorescent aggre-
gates of micelles (Fig. 4). Zeta potential measurements suggested
the formation of charged assemblies (z = +19.03  11.1 mV). In
contrast, dissolution of [4]Cl (200 mM) in MilliQ water showed
only a single population of stable micelles with a hydrodynamic
radius dH of 45 nm, as measured by DLS and further supported
by cryo-TEM (Fig. S17, ESI†). Zeta potential measurements
showed a 37% increase in charge to z = +26.1  7.3 mV.
This increased z value may be rationalized by the hydrolysis of
the Ru-Cl bond of [4]+ in pure water to form the bicationic aqua
complex [7]2+, increasing stability of the micellar structure,
however the effects of buffer salts on the measured values cannot
be excluded (Fig. S16, ESI†). Moreover, the lack of secondary
aggregation in pure water as opposed to PBS where micron-sized
phosphorescent assemblies were observed (Fig. 4), suggested
that micelle aggregation in PBS is driven by the high chloride
(137 mM) concentration that stabilizes coordination of the
chloride ligand to ruthenium. Similar aggregation phenomena
have been documented for other metallo-surfactants.23 In addi-
tion, amide bridging by the chloride counter-ions may affect the
secondary aggregation process. Overall, these studies reveal that
the self-assembly of [4]Cl in aqueous solutions can bemodulated
by the chloride concentration.
Our group recently demonstrated that non-emissive ruthenium
amphiphiles can be highly toxic to cancer cells by destabilizing the
cellular membrane.12a The emissive properties of [4]Cl opened a way
to visualize this phenomenon. First, the cytotoxicity of [4]Cl was
evaluated in vitroonnon-small lung cancer cell-line (A549).Whereas –
in accordance with the literature11 – [3]Cl showed no measurable
toxicity even after incubation for 24 h (see ESI† part 4 for details), its
amphiphilic analogue [4]Cl showed significant cytotoxicity after only
one hour incubation, characterized by an effective concentration
(EC50,1h) of 9.8 mM. This cytotoxic activity increased with incubation
time, reaching an EC50,24h value of 2.2 mM after 24 h incubation,
which was twice lower than that of cisplatin (EC50 = 4.3 mM). As [4]Cl
is phosphorescent, the uptake could this time be followed by optical
microscopy time-lapse imaging. The complex was taken up excep-
tionally quickly, i.e. after only a few minutes of incubation (Fig. 4).
Time-lapse studies (Video S1, ESI†) showed that the cell membrane
was initially stained, as expected due to the amphiphilic character of
[4]Cl (Fig. 4). However, it also later internalized: after 9 h (Fig. S19,
ESI†) bright emission could be detected in the perinuclear region,
indicating that the molecule was enriched probably in the endo-
plasmic reticulum. Interestingly, the nucleus clearly showed no red
emission, as observed by z-stacking (Video S2, ESI†), which indicates
either that [4]Cl did not enter the nucleus, or that its emission there
was quenched. As instead of stained nuclei spherical red organelles
were observed after 9 h incubation, we hypothesize that interaction
with nuclear DNA is not likely to explain the toxicity of [4]Cl, but
Fig. 4 Left: Confocal fluorescent micrograph of [4]Cl in PBS (5 mM) in
absence of fetal bovine serum (FBS) showing micellar aggregation. Right:
Confocal fluorescent micrograph of A549 cells incubated with [4]Cl (5 mM)
for 15 minutes.
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that exosomes, lysosomes, or even mitochondrial membranes,
incorporate the amphiphilic complex [4]Cl, and that the cyto-
toxicity is based on membrane modulation.
In summary, we report here on compound [4]Cl as a new type of
amphiphilic phosphorescent [Ru(tpy)(bpy)(Cl)]+ analogue. By attach-
ing an amide group R on the 40-position of the terpyridine ligand,
the 3MLCT level was stabilized just enough to switch on red
emission without compromising photosubstitution of the mono-
dentate ligand. By attaching a long alkyl tail to the positively charged
ruthenium complex, compound [4]Cl was made amphiphilic and
self-assembled in aqueous solutions. Because of the thermal hydro-
lysis of the Ru–Cl bond, self-assembly was found to depend on
chloride concentration: nanometer-scale micelles of the aqua
complex [7]2+ were found in pure water, while micrometer-scale
aggregates of [4]+ were characterized in PBS. Whereas the reference
compound [3]Cl is essentially not cytotoxic, the amphiphilicity of
[4]Cl made it more toxic than cisplatin in A549 cancer cells. Most
importantly, red emission now allows for probing cell uptake and
localization of the complex by optical microscopy, which was
impossible with all previously known ruthenium compounds com-
bining a terpyridine and a bipyridine ligand. Although [4]Cl seemed
at short incubation times to behave like a simple soap and to attack
the cell membrane, longer incubation times revealed a deeper
cellular uptake, no red emission in the nucleus, and accumulation
of the compound in the membrane-rich, peri-nuclear region (prob-
ably the endoplasmic reticulum). Overall, amide functionalization in
40 position on the terpyridine appears as a very efficient manner to
turn on the emission of analogues of [3]Cl without switching off
photosubstitution properties. By tuning the functional group
attached to the amide, it will be possible to modulate not only the
lipophilicity of the complex, as achieved here, but also to introduce
cancer-targeting groups for example, which will be critical for the
development of PACT complexes based on this type of complexes.
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